Article Experimental CO2 injection: Study of physical changes in sandstone porous media using Hg porosimetry and 3D pore network models Energy Reports Provided in Cooperation with: Elsevier Suggested Citation: Campos, Rocío; Barrios, Icíar; Lillo, Javier (2015) : Experimental CO2 injection: Study of physical changes in sandstone porous media using Hg porosimetry and 3D pore network models, Energy Reports, ISSN 2352-4847, Elsevier, Amsterdam, Vol. 1, pp. 71-79, http://dx.Standard-Nutzungsbedingungen: Die Dokumente auf EconStor dürfen zu eigenen wissenschaftlichen Zwecken und zum Privatgebrauch gespeichert und kopiert werden. Sie dürfen die Dokumente nicht für öffentliche oder kommerzielle Zwecke vervielfältigen, öffentlich ausstellen, öffentlich zugänglich machen, vertreiben oder anderweitig nutzen. Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen (insbesondere CC-Lizenzen) zur Verfügung gestellt haben sollten, gelten abweichend von diesen Nutzungsbedingungen die in der dort genannten Lizenz gewährten Nutzungsrechte.
Introduction
Deep geological storage of CO 2 is a promising option to mitigate greenhouse gas emissions in the atmosphere (Pacala and Socolow, 2004) . The most favourable sites for the definitive storage of CO 2 in the Iberian Peninsula are deep saline aquifers. Considering this option the Mesozoic basement of the Duero Basin (central Spain) includes some of the most promising rock formations for CO 2 storage. Currently, there are several projects under way in this sedimentary basin, such as the Hontomín project (Alcalde et al., 2013) and the Sahagún and Los Páramos projects (Nardi et al., 2013) .
There are four types of trapping mechanisms of CO 2 in a geological formation: structural-stratigraphic, residual, dissolution and mineral trapping (Bachu et al., 2007) . Mineral trapping is important in long term, whereas the first three mechanisms dominate to short and medium terms. The rock microstructure plays an important role in the trapping of CO 2 . Accurate knowledge of the microstructure is essential for determining the storage capacity and efficiency of CO 2 transport or retention for a rock, so studying the microstructure has become an essential working issue in research projects related to the geological storage of CO 2 .
The work and the results presented in this article are part of the PmaCO 2 (Porosity and CO 2 trapping mechanisms) project. The aim of this project is the characterisation of the Utrillas porous system before and after CO 2 injection (1) to evaluate this system as a potential CO 2 storage formation, (2) to estimate the storage capacity of these systems and (3) to assess the retention mechanisms and changes after injection of CO 2 . These changes in the pore space microstructure can not only significantly modify the storage capacity but also change the pattern and velocity of movement or the fluid through a rock. Thus, this work aims to contribute to the knowledge on the pore structure changes that take place after simulated injection.
Utrillas Sandstones
The Utrillas Sandstones Unit is a sedimentary siliciclastic formation whose age is located at the lower-upper limit of the Cretaceous. Consists of terrigenous material, conglomerates, sandstones and clays forming a macro sequence that includes several sequences with variable thicknesses. The stratigraphic macro sequence evolves from very coarse-grained sandstones, predominately at the bottom, and medium-grained and fine sandstones in the middle and upper part. The lithological, structural and geometric characteristics of Utrillas Sandstones make it a favourable geological formation for CO 2 injection and storage. Fig. 1 shows the location of preselected areas for injection of CO 2 in the Duero Basin, where Utrillas Sandstones constitute the geologic storage formation. This work shows the study of the fine-medium grained sandstones sampled in the CD-S0-1 borehole (IGME, 2010).
The facies sampled at a depth of 35.4 m, studied with microscopic and MEB observations corresponds to a heterometric subarkose that is fine-medium grained, has a quartz-feldspathic composition, has a clay matrix and is variably cemented by carbonates. The dominant mineral fractions are quartz (> 79%) and feldspar (> 21%). Micas, rock fragments, rutile and ilmenite can be found at lesser frequencies. The matrix consists mainly of kaolinite and illite. There is an abundance of the cement calcareous.
Materials and methods

Materials
We have studied two samples M1 and M2. The M1 sample represents the original state of the rock before the injection and M2 represents the state after injection.
Both samples are from the same rock and they were separated a few millimetres in the borehole. We assume that variations between them are acceptable in average terms. To operate with those mean values were analysed six specimens from each sample and all results shown in this work for M1 and M2 are mean values.
CO 2 injection
The injection experiment was performed using a core sample ( Fig. 2a ) re-sized to a diameter of 38 mm and a length of 100 mm (Fig. 2b) . The new sample was saturated in synthetic saline water (brine), before being put into the CO 2 injection cell. The synthetic water was prepared specifically for this experiment by IMDEA-Agua. The hydrogeochemical code PHREEQC, developed by the U.S. Geological Survey (USGS), was used to model the water chemistry. This code allows us to establish the compositional pattern of a particular equilibrium solution with the mineral phase constituents of a solid reactive phase (Parkhurst and Appelo, 1999; Parkhurst et al., 2013) . As an initial solution to model, we considered a representative composition of a groundwater typical of an aquifer in detrital materials with a quartz-feldspar composition. We set a pH of 7.68 and a temperature of 32°C, which is the same as the set temperature for the CO 2 test injection.
The chemical composition of this water in equilibrium with the formation is summarised in Table 1 .
To carry out the experiment, a thermo-resistant cover was put on the dry sample ( Fig. 2c ). Then, both were put inside a Viton cylinder ( Fig. 2d ) with high elasticity, high resistance to aggressive fluids and high temperatures. After that, the sample in the Viton was placed inside the injection cell ( Fig. 2e ). The injection cell was built for this type of test for the Petrophysical Institute Foundation, with which we have collaborated on the project. The patented reference number of the equipment is P201231913 IPf-UPM.
The low permeability of the sample (2.57 10 −16 m 2 ) made the injection flow very low and it took place over several days to reach saturation. The saturation is considered to be completed when there are no variations in the weight of the sample. Once the sample was saturated with the brine, the cell was connected to a generator of supercritical carbon dioxide (CO 2 sc), with the injection and evacuation or production valves opened; thus, displacement of the brine due to the injection of CO 2 was simulated. The evacuation valve was connected to a phase separator that registers both water production and CO 2 production. At 330 min from the beginning of the injection, the production of CO 2 did not reach the outlet valve, and, after 1226 min, the brine production became undetectable. At this moment, the sample was considered saturated with CO 2 along with the non-reducible salt water (or irreducible brine). Injection pressure during the experiment varied between 7 and 12 MPa.
Once the sample with CO 2 sc was saturated, the cell remained closed for two months, with the pressure (8 MPa) and temperature conditions (32°C) controlled daily. At the end of the test, after 60 days, the confining pressures were reduced, the valves were opened, the Viton was removed and the sample was collected in perfect condition (Fig. 2f ).
Hg porosimetry
Characterising the pores includes the determination of the total pore volume, the pore size distribution and the study of their morphology and connectivity. Mercury Intrusion Porosimetry (MIP) analysis was carried out with the Autopore IV 9500, using the mercury filling at pressures from 0.0026 MPa to 219.9251 MPa permitting to characterise the pore diameter from 276793 nm to 3.3 nm calculated by the Washburn equation (Washburn, 1921) . The experimental measurements follow the ASTMD4404 -10 standard (2010) .
MIP provides data related to the features of the pore space and related to the different physical properties of the material (Webb, 2001) . The parameters determined are (1) the total intruded Hg volume in m 3 /kg; (2) the total pore area in m 2 /kg; (3) the average pore radius in micrometres; (4) the porosity in %; (5) the threshold pressure, which is the pressure from which the fluid percolates through the sample; (6) the characteristic length corresponding to the pressure threshold; and (7) the tortuosity . We use the International Union of Pure and Applied Chemistry (IUPAC) classification for pore size based on the Boucher classification (Boucher, 1976) : (1) macropores have diameters > 50 nm, (2) mesopores, between 2 nm and 50 nm, and (3) micropores < 2 nm.
Porosimetry determinations were carried out on two samples M1 (preCO 2 ) and M2 (postCO 2 ). Six specimens were measured in each sample and mean values were determined.
Pore network modelling
The porous system model in the reservoir rocks represents a challenge in the research on geological CO 2 storage. Modelling the characteristics of the porous system that includes the hydraulic behaviour of the rock to matrix-scale, is critical in understanding how the mechanisms of trapping actuate.
Usually, the models used for the interpretation of mercury porosimetry curves are too simplistic and do not provide realistic results on the structure of materials, their pores and their connections. The tool used in this work is the PoreCor © software, which models the pore structure using Hg porosimetry curves. It was developed by the Environmental and Fluid Modelling Group of the Plymouth University in England. PoreCor © can generate quasi-realistic models, and it has been used by various authors for modelling different materials such as soil, rock, membranes and paper (Johnson et al., 2003; Matthews et al., 1995a Matthews et al., ,b, 2006 . It has also been used to simulate diffusion processes (Laudone et al., 2008) or absorption (Ridgway and Gane, 2002 ) through a porous structure. In this work, we use PoreCor © as a tool for comparison between the microstructure of Utrillas Sandstones before and after CO 2 supercritical (CO 2 sc) injection.
PoreCor © represents the void structure of a porous medium as a series of identical interconnected unit cells. Each unit cell comprises an array of 1000 nodes regularly distributed in a cartesian cubic space. The pores are numbered from left to right, from front to back, and from bottom to top and are represented as cubes. Cubic pores are positioned with their centres at each node and connected by smaller cylindrical pores oriented in the three Cartesian directions (Laudone et al., 2008) . The types of structures that PoreCor © can generate are: random representing a disordered structure, horizontally banded with pores ranging from fine to coarse vertically, pores varying towards the centre, vertically banded pores, or a radial structure with two variations, coarse to fine towards the centre or fine to coarse towards the centre (Laudone et al., 2008) . The type of structure to be applied in the model and the variation of the correlation coefficient are the first decisions to make in the modelling process.
The effects of the CO 2 sc injection on the pore structure in Utrillas Sandstones were studied from the models generated in PoreCor © . For each sample (M1 pre-injection and M2 postinjection), modelling was carried out in 6 specimens. For this work, we chose a horizontally banded pore structure, but we imposed high permissiveness in adjustment of the correlation coefficient. In this way, we do not limit the random tendency in the arranged pores and throats. The resulting configurations represent a banded structure with randomly arranged pores and throats.
The first and major advantage of these models is that we can differentiate between pores and pore connections (throats) with smaller dimensions. It is possible to simulate structures with large pores surrounded by narrow connections similar to bottleneck pores, which are very common in geological materials and produce hysteresis, such as that observed in the Hg intrusion-extrusion curves (Fig. 3) .
The parameters that have been used for modelling (Table 3 ) are (1) the pore coordination number, which is the number of connections of a pore with adjacent pores; (2) connectivity, which is the average of the pore coordination numbers; (3) pore skew, which is a parameter that bulks up the pores to obtain the correct porosity; and (4) the throat skew, which controls the throat size distribution in collaboration with the (5) throat spread, which increases the throat size distribution. With these parameters, the fitting of the model to the experimental porosity is done by (a) altering the spacing between the nodes, (b) altering the lengths of the throats leading to an approach or spacing between pores, (c) varying the size of the pores and/or (d) adjusting the radius of the cylinder representing the throats (Matthews et al., 1995a (Matthews et al., ,b, 2006 . The results are shown in Table 3 .
Optimisation of the adjustment function is performed using a local geometric algorithm, the Simplex Method (Nelder and Mead, 1965) , combined with a stochastic global optimisation method, Simulated Annealing (Johnson et al., 2003) .
Results
The results of the determinations performed on the six specimens from each sample and the average values are summarised in Table 2 . This table also shows the differences in % between the mean M1 and M2 values. The average intrusion-extrusion curves and the pore size distributions are shown in Figs. 3 and 4 .
Some differences between M1 and M2 may be observed. The total volume of intruded mercury, which is the parameter that gives an idea of the capacity of the rock, decreases from 0.071 10 −3 m 3 /kg in M1 to 0.043 10 −3 m 3 /kg in M2. These values are at the maximum test pressure. This change represents a decrease of 39% in the total intruded volume. Fig. 3 shows these variations in the height of the Hg intrusion curves. As expected, the porosity decreases in a similar way, with a reduction of 38% between the M1 and M2 samples (e.g., before and after the injection of CO 2 ), from 15.64% to 9.70%.
The total pore area also decreases from 1.60 10 −3 m 2 /kg to 0.35 10 −3 m 2 /kg. This very high reduction in the total area of pores, 78%, is interpreted as being due to a selective reduction of porosity. The porosity decreases include the complete disappearance of the mesoporosity and a reduction in the macroporosity.
There are three zones in the pore size distribution curve (Fig. 4) . In Zone A, the pore size distributions in M1 and M2 are very similar and correspond to pores with radii greater than 7 µm. The pore size distribution in this area does not vary by injection of CO 2 . In Zone B, with pore radii between 0.041 and 7 µm, the distribution of pores in M2 is different from M1. Within this area, the smaller pores decrease, and the porosity decreases with CO 2 injection. Finally, Zone C (Fig. 4) , which represents the pores with radii of less than 0.041 µm, disappears completely in sample M2. CO 2 injection and associated reactions cause the disappearance of part of the mesoporosity and macroporosity.
The average pore radius and the characteristic length are greater in M2 (Table 2) due to the elimination of the mesoporosity.
Mineral precipitation was studied by Pruess and Müller (2009) , who show that the injection of CO 2 into saline aquifers may cause a dry-out formation and the precipitation of salt near the injection well, which may reduce the formation of porosity, permeability, and injectivity. Recently, Ellis and Bazylak (2013a,b) show that this precipitation may significantly reduce the injection rock's permeability to CO 2 penetration, which could compromise the CO 2 injection process. According to Alkan et al. (2010) , higher salinity and capillary pressure can even block the pores, causing increased salt precipitation, and according to Rad et al. (2013) the salt precipitation patterns (in drying experiments) are nonuniform, they show the important influence of the pore size distribution in the dynamics of salt crystallisation.
Tortuosity defined as the ratio of the distance between two points, including any curves encountered, divided by the straight line distance, decreases in sample M2. After the injection of CO 2 , as the porosity decreases, the efficiency of the transfer of fluid through the porous rock can increase because the pathways are less tortuous.
Finally, we must remark that hysteresis or mismatch between the intrusion and extrusion curves (Fig. 3) indicates the existence of porosity trapped in cavities connected by bottleneck-shaped pores. This shape decreases connectivity and transport efficiency. In both the M1 and M2 samples, there is a high percentage of entrapped porosity, where Hg is irreversibly trapped in the porous structure.
The results from the twelve specimens modelled by PoreCor © are shown in Table 3 , which summarises the principal parameters as well as the mean values. Modelling was carried out in each case starting from a horizontally banded structure with throats with cylindrical geometry and a free correlation coefficient.
The mean distance (Table 3) between the simulated and experimental models, 1.34 and 1.63 for M1 and M2 respectively, indicates a good degree of adjustment. The level of correlation between the model and the resultant banding model in each specimen is very low (Table 3) , indicating a random organisation of pores and throats in the unit cell. In several specimens, the correlation level is so low that we can ensure a random arrangement of pores.
Differences between M1 and M2 are evident in the pore spacing and, consequently, the size of the unit cell. The pore spacing increases in sample M2, indicating a lower density of pores per unit volume. However, the connectivity between pores is almost the same in the two samples. The average values (3.37 and 3.51) indicate high connectivity. Fig. 5 shows the graphical results of the modelling of one of the specimens: (a) the fit between the experimental and simulated curves, (b) the 3D network of pores and throats modelled in the unit cell and (c) the same network representation with solid particles modelled as spheres. Regardless of the real morphology of the particles, the particle size distribution is calculated using the mathematical model proposed by Pospìch and Schneirder (1989) .
In the generated models, the conditions under which percolation occurs and the differences between the pre-injected sample M1 and post-injected M2 are also studied (Table 3 ). In each case, the pressure required to produce percolation is 1064.67 kPa in M1 and 1897.61 kPa in M2. Thus, it is more difficult to drive fluid through the M2 rock. This effect is a direct consequence of the decreased porosity, despite the decreasing tortuosity experimentally determined in M2.
The pore space intruded by Hg at different pressures between 10 and 100 000 kPa and under a confining pressure of 7380 kPa is also studied (Fig. 6) . The pressure of 7380 kPa represents the pressure at which CO 2 is in a supercritical state under a temperature of 31.1°C. We note that a significant portion of pores will not be intruded by Hg under a confining pressure close to the critical pressure of CO 2 . The rock would only be completely intruded by Hg at a very high pressure close to 100 MPa. 
Discussion
Geological CO 2 storage in deep saline detrital (siliciclastic) aquifers is a promising option to mitigate global warming, and the Duero Basin in NW Spain is one of the most promising basins for CO 2 storage in the Iberian Peninsula. However, precise knowledge of the microstructure of the reservoir rock is essential for determining the storage capacity, transport efficiency and retention of CO 2 . In this study, we present results regarding variations in the pore space of the fine-medium grained sandstones rocks of the Utrillas Formation caused by the injection of CO 2 sc and its permanence in supercritical conditions in contact with the rock sample for two months. CO 2 sc injection was performed in a static test, keeping the sample in the cell for 60 days under storage pressure and temperature conditions. This type of static test could serve as a complement to dynamic tests, such as those from Wigand et al. (2008) or studies performed for demonstration projects (Eiken et al., 2011; Pawar et al., 2006; Hovorka et al., 2006) .
The static tests of CO 2 injection in the laboratory contribute to our understanding of the dynamics of the gas in the formation after a period from the start of injection as a complement to the dynamic tests focused on studying of the effects of CO 2 flow. The static test allows us to tackle knowledge of the long-term physical (and chemical) changes that will take place in the formation.
From the mercury intrusion-extrusion curves and the pore space modelling after the CO 2 injection experiment, we observe significant changes in the pore space. These variations may not only alter the storage capacity but also change the pattern of CO 2 flow or percolation through a rock.
As a consequence of a CO 2 residence time of two months in the rock, a drastic reduction of porosity occurs in the rock. In addition, the volume of the intruded mercury -as determined by MIPdecreases at a high percentage. This decrease demonstrates the significant impact that CO 2 injection has on the storage capacity of the rock.
The prominent decrease in the total pore area -another parameter estimated by MIP -could be an evidence of a selective porosity reduction affecting mainly the mesoporosity and, to a lesser extent, the macroporosity. The mesoporosity of the rock disappears with the CO 2 sc injection, and the macroporosity decreases. Currently, we are obtaining preliminary results from geochemical analysis and differential thermal and thermogravimetric analyses that suggest that the mesoporosity disappearance is caused by mineral precipitation in pores of smaller size by CO 2 sc-brine reaction.
Mineral precipitation in the injection of CO 2 into saline aquifers may cause salt precipitation, which may reduce the porosity, permeability, and injectivity of the formation. Our work demonstrates that the CO 2 sc sequestration by neoformation and mineral precipitation occurs within a much shorter time than has yet been considered.
Due to the disappearance of the smaller pores, the tortuosity of the injected sample decreases. This phenomenon may contribute in a positive way to the efficient transfer of fluid through the rock; however, the decrease in porosity is so high in this case that this increase in the efficiency by reducing the tortuosity is minimised.
With the MIP results, we have modelled the samples pre-and post-injection. Although the generated structures are not entirely realistic, they represent a good approximation of the geometry of the pores. The structures are isotropic and, although they have a very slight banding component, present an arrangement of random pores and throats.
The 3D geometric models -which were generated from the MIP -have been used to extract the pore space network and its complementary grain matrix network and to quantitatively characterise the architecture and geometry of the pore network.
The Hg flow simulation work carried out for different pore geometries and for different pressures shows that the methodology is suitable for the study of CO 2 sc flows through a rock; it is this aspect on which we are currently focusing our work. Thus, in future works, we will investigate the intrusion of supercritical CO 2 within these networks.
As a result of the comparative analysis of the pore network geometry, it is concluded that the percolation threshold pressure after injection is greater as a result of the decreasing porosity.
Conclusions
A static test of CO 2 injection on an Utrillas sample in a synthetic brine was performed to reproduce the storage conditions after CO 2 injection in the geological formation.
After the test, significant changes in the pore space were found, which in turn produce variations in the storage capacity and the pattern of CO 2 flow through the rock.
The observed reduction of porosity affects drastically to a large volume of pore space, but in a selective way, mainly to mesopores. The most plausible cause for the mesoporosity loss is mineral precipitation in the pores of smaller size.
The reduction of porosity, and subsequently, the reduction of the effective storage capacity after CO 2 injection must be taken into account in the assessment of the potential formations for geological CO 2 storage.
